MOL # 4168

Introduction
Calcium-dependant chloride currents (I Cl(Ca) ) are expressed in various cell types including some types of vascular smooth muscle cells and are considered as a key player in the regulation of cell membrane potential. These currents are evoked by an elevation of intracellular Ca 2+ concentration ([Ca 2+ ] i ) and have distinctive biophysical properties that include a discriminating selectivity pore that conforms to type I Eisenman sequence, voltage-dependent kinetics of activation and deactivation (Greenwood et al., 2001; Ledoux et al., 2003) , a calcium sensitivity within the submicromolar range (EC 50 ≈ 365 nM with full activation ≈ 600 nM [Ca 2+ ] i ) (Pacaud et al., 1992; Ledoux et al., 2003) and a small single channel conductance (1-3 pS) with multiple sub-conductance states (Klöckner, 1993; van Renterghem and Lazdunski, 1993; Hirakawa et al., 1999; Piper and Large, 2003) . However the molecular identity of the channel underlying I Cl(Ca) in smooth muscle is still a matter of debate (see Britton et al., 2002) . Consequently investigation of the physiological relevance of I Cl(Ca) relies upon the effectiveness of pharmacological tools. A number of chemically disparate compounds block I Cl(Ca) in smooth muscle cells ranging from stilbene derivatives (DIDS, SITS) (Hogg et al., 1994b) , anthracene-9-carboxylic acid (A-9-C) (Hogg et al., 1994b) and fenamates (flufenamic acid, niflumic acid) (Hogg et al., 1994a; Greenwood and Large, 1995) . Niflumic acid (NFA) is a non-steroidal anti-inflammatory drug that is recognized as the most potent inhibitor of I Cl(Ca) in smooth muscle cells owing to an IC 50 within the low micromolar range (Hogg et al., 1994a; Greenwood and Large, 1995) .
Therefore, NFA has been widely used to assess the physiological role of these currents in the regulation of vascular tone (Criddle et al., 1996; Criddle et al., 1997; Yuan, 1997; Lamb and MOL # 4168 5 However, NFA is not an ideal probe for investigating the role of I Cl(Ca) , as this agent along with other members of the fenamate family, modulate a number of other ion channels. Niflumic acid and other fenamates stimulate large conductance Ca 2+ -dependent K + channels (Ottolia & Toro, 1994; Hogg et al., 1994a; Greenwood & Large, 1995) . Flufenamic acid and tolfenamic acids relaxed guinea-pig tracheal contractions through a direct inhibition of voltage-gated Ca 2+ channels (Li et al., 1998) . Niflumic acid stimulated Ca 2+ release from internal stores in rat pulmonary artery smooth muscle cells (Cruikshank et al., 2003) , and was shown, along with NPPB and DIDS, to inhibit endothelin-1-induced contractions of rat pulmonary arterial myocytes by a mechanism independent of block of Cl Ca channels (Kato et al., 1999) . Moreover, the IC 50
for NFA block of spontaneously occurring I Cl(Ca) is significantly lower than that required to block I Cl(Ca) evoked by caffeine or an agonist such as norepinephrine (Large and Wang, 1996) . This phenomenon is extended further when the channel is stimulated by a sustained level of [Ca 2+ ] provided by the pipette solution where a number of paradoxical effects are observed. In rabbit pulmonary myocytes NFA only blocked sustained I Cl(Ca) at positive potentials and augmented the tonic current at the holding potential of -50 mV (Piper et al., 2002) . Upon washout of NFA there was a marked enhancement of current amplitude above control values that was associated with a marked increase in the activation kinetics. Similar effects were observed for the chemically related agent DCDPC (Piper et al., 2002) whereas A-9-C, which inhibits I Cl(Ca) in a strongly voltage-dependent manner, produced a marked 3-fold increase in the deactivating tail current at -80 mV (Piper and Greenwood, 2003) . These data suggest that in pulmonary artery myocytes, fenamates-and A-9-C-induced inhibition of I Cl(Ca) masks a parallel stimulation that is revealed either by washout of the drug (NFA) or by voltage-dependent dissociation from the channel (A-MOL # 4168 6 artery myocytes (Piper et al., 2002) is unique to that vascular smooth muscle preparation. Also, Piper et al. (2002) have used a slow superfusion system to monitor the effects of NFA on I Cl(Ca) and thus the true time course of stimulation of this current following washout of NFA is unclear.
Finally, information on the concentration-dependence of the enhancing effect of NFA on I Cl(Ca) is lacking as Piper et al. (2002) have only examined the effect of a single concentration of NFA (100 µ M).
The aim of the present study was to determine whether a similar anomalous effect of NFA was observed on sustained I Cl(Ca) by in rabbit coronary artery myocytes and to investigate the dynamics and concentration-dependence of this stimulation using a computer-assisted fast-flow superfusion system. We report here that the relative increase of I Cl(Ca) is independent of drug concentration whilst the time to reach the maximal stimulation and the duration of the enhanced state increased in a concentration-dependent manner. The rate of recovery from stimulation was also voltage-dependent with negative potentials accelerating recuperation from enhanced I Cl(Ca) .
We propose a model whereby NFA stimulates I Cl(Ca) by binding to high and low affinity sites which are occluded by the interaction of NFA with the inhibitory site. Preliminary results have been presented previously (Ledoux and Leblanc, 2002 
Results
Under K + -free internal and external conditions coronary myocytes dialyzed with an internal solution containing 500 nM free [Ca 2+ ] generated a sustained current at the holding potential of -50 mV that exhibited distinctive time-dependent outward relaxations upon depolarization followed by an exponentially declining inward current upon repolarization to -80 mV. This current is I Cl(Ca) evoked persistently by the pipette [Ca 2+ ] (500 nM) and has been characterized extensively in previous studies (Greenwood et al., 2001; Ledoux et al., 2003) . Figure 1A shows that the application of 100 µM niflumic acid (NFA) with a fast-flow superfusion system quickly blocked both time-dependent outward current and tail components of I Cl(Ca) (see inset).
Inhibition of I Cl(Ca) was observed with all concentrations of niflumic acid with an IC 50 of 159 ± 48 µ M (Fig. 1B) . Upon washout of NFA, the current amplitude increased transiently beyond control values with a mean increase of 50 ± 8%, 73 ± 15% and 44 ± 9% for the instantaneous, late and tail current, respectively (n=11). This transient augmentation of current amplitude following a brief pulse of NFA was highly reproducible and could be repeated for the duration of the experiment (Fig. 1A) . NFA washout not only modified I Cl(Ca) amplitude but also altered channel opening and closing rates ( Figure 1C-a) . Indeed, washout of NFA accelerated the activation kinetics at +90 mV and altered the kinetics of deactivation at -80 mV ( values were 193 ± 25 ms and 21 ± 2 ms, n=10). These data show that the anomalous effects of NFA on sustained I Cl(Ca) described previously in pulmonary artery myocytes (Piper et al., 2002) are also apparent in coronary artery cells.
Concentration-dependence of NFA-induced I Cl(Ca) stimulation. The concentration-and time-dependence of the NFA stimulatory effect were performed on cells maintained at a test potential of +60 mV for 20 s and exposed to different concentrations of NFA (1 µM, 10 µM, 100 µM and 1 mM) for durations varying between 2 s and 10 s. Enhancement of I Cl(Ca) was only observed after washout of higher NFA concentrations greater than 1 µM (Fig. 2B-D) . Moreover, the kinetics of the enhanced current was strongly dependent on the concentration of NFA applied. Thus the enhanced I Cl(Ca) generated upon washout of 10 µM NFA decayed monophasically after reaching its peak (Fig. 2B ), whereas the relaxation of the stimulated current after removal of 100 µ M NFA displayed a sustained phase superimposed on an initial rapid component ( Fig. 2C ). After washout of 1 mM NFA, the onset of stimulation was characterized by a markedly reduced rapid component followed by a slowly developing sustained phase of stimulation ( Fig. 2D ).
The relative increase of I Cl(Ca) amplitude upon washout of NFA did not vary as a function of the concentration of NFA applied. Thus, after 2 s applications in the same cell of 10 µM, 100 µM and 1 mM NFA, I Cl(Ca) increased respectively 1.9 ± 0.3, 2.1 ± 0.3 and 2.0 ± 0.2 fold. In contrast, the delay between the washout of drug and the maximal enhanced-I Cl(Ca) increased in a concentration-dependent manner (highlighted in the inset of Fig 3B) . The time to reach the peak current increased significantly from 0.27 ± 0.03 s following washout of 10 µM NFA to 0.6 ± 0.2 s and 7 ± 1 s following washout of 100 µM and 1 mM NFA, respectively (n=7). There was a trend, although not significant, that the time to peak stimulated current upon washout of NFA increased with membrane depolarization (Fig 5B) . However, the time course of the stimulated current was clearly prolonged at positive relative to negative potentials as evident from analysis of the area under the curve of the stimulated current ( Fig. 5C ).
Moreover, at +90 mV there was no significant decay of the stimulated current for the duration of this experiment (Fig. 4A ).
Identity of NFA-enhanced current. It could be postulated that the current elicited upon washout of NFA was due to the de novo recruitment of a previously silent channel as opposed to modulation of an existent one. Therefore experiments were undertaken to determine if the stimulated current was equally sensitive to NFA as the control I Cl (Ca) . Figure 6A shows a representative experiment where a cell was stepped to +60 mV and then NFA applied for 2 s. It can be clearly seen that the stimulated current evoked upon washout is rapidly inhibited by a repeat application of NFA to an extent observed for the control current. Similar results were observed in 3 other cells. Further experiments were undertaken to determine the reversal This article has not been copyedited and formatted. The final version may differ from this version. potential of the current evoked upon washout of NFA. 500 ms after the application of NFA for 2 s, a ramp change in voltage (-50 mV to +50 mV, 250 ms) was imposed. The reversal potential of the enhanced I Cl(Ca) recorded from cells previously bathed in 100 µM (−15.8 ± 1.7 mV, n=6) or 1 mM NFA (−18.5 ± 1.6 mV, n=4) does not significantly differ from each other and are close to the theoretical value for the Cl -equilibrium potential under our conditions (Greenwood et al., 2001; Ledoux et al., 2003) . These data support the hypothesis that NFA is modulating an existing Cl channel.
Mathematical modeling of NFA interactions with I ClCa . The experimental effects of NFA were simulated mathematically using a computer modeling method similar to that reported previously by our group (Remillard and Leblanc, 1996) . Figure 7 displays the various kinetic schemes that were tested. Since the myocytes were dialyzed with a fixed intracellular Ca 2+ concentration set at 500 nM, we simplified our theoretical analysis by focusing on the possible steps by which NFA interacts with the channels although we recognize that a more elaborate model of the channel (Arreola et al., 1996; Kuruma and Hartzell, 2000) will have to be evaluated in the future. For all schemes tested, opening of the Ca 2+ -activated Cl through F, application of NFA first interacts with a binding site leading to current inhibition (B 1 ).
State B 1 occludes the stimulation unless the drug is washed out quickly. We tested several This article has not been copyedited and formatted. The final version may differ from this version. scheme variants which included a common high affinity blocking and stimulatory state, and a low affinity stimulatory state (Fig. 7C) , and different schemes with a single inhibitory site, and two stimulatory binding sites with different affinities for NFA (Fig. 7D , E and F). Although these kinetic schemes were able to account for some aspects of the stimulation mediated by NFA, none of these could fairly well reproduce the concentration-and time-dependence of the block and enhancement of the current by this substance. Figure 7G shows the model which best reproduced our experimental data. The equations describing the rate constants and other parameters used in the simulations are listed in Table 1 . The simulations were all initiated under non steady-state conditions which is why the gating variable for the closed state was set to 0.6. This allowed the simulation to begin with already active channels at the holding potential (−50 mV) in myocytes dialyzed with 500 nM Ca 2+ or higher as previously shown by our group (Greenwood et al., 2001; Ledoux et al., 2003) .
Consistent with this scheme, step depolarization to +60 mV evoked an instantaneous current followed by a time-dependent I Cl(Ca) component (Greenwood et al., 2001; Ledoux et al., 2003) (this study, Figs. 1, 2, 4 and 6) that was well fitted by a single exponential with a time constant of 220 ms, a value similar to that previously published (Greenwood et al., 2001; Ledoux et al., 2003) . Application of NFA caused a rapid concentration-dependent block of the current which was more potent than actual data. Maximum block estimated by curve fitting to a Logistic function for experimental data and the model was respectively 62 ± 5 % and 96 ± 5 %. The model yielded a K i that is approximately 5-fold lower (31 µM) than that calculated from actual data (159 µM). All attempts to adjust the parameters of the model listed in Table 1 to match the blocking ability of NFA to our measurements had deleterious consequences on the time-and dose-dependence of the NFA-induced stimulation of the current which was the main focus of our analysis.
Whereas washout of 1 µM NFA elicits little effect on the modeled current, washout of this drug when applied at concentrations in the range of 10 µM to 1 mM leads to a transient stimulation that reproduces our data reasonably well. Stimulated currents after washout of 10 or 100 µM NFA were much more transient than those evoked after exposure to 1 mM. Notice that a longer exposure to 100 µM NFA clearly led to a biphasic relaxation of the current (Fig. 8B, 3 rd trace from top) as observed in experiments (Fig. 2C) . The biphasic nature of the stimulated current after washout of 1 mM NFA, characterized by a rapid phase followed by a very slow This article has not been copyedited and formatted. The final version may differ from this version. Fig. 2D) , is also well accounted for by the model (Fig. 8B, 4 th trace from top).
Partial recovery of the current after the rapid onset of block was often observed during the application of NFA in the range of 10 µM to 1 mM (Fig. 2B, C and D) . The model qualitatively reproduces this behavior with 100 µM and 1 mM NFA (Fig. 2B , 2 nd and 3 rd traces), which suggests that channels blocked by NFA (B 1 and B 2 ) may partially transit to the stimulated states (O 2 and O 3 ). Finally, the model is also able to simulate the impact of a double NFA exposure on the current (compare Fig. 8C with Fig. 6A ) which again supports the concept that the control and stimulated currents are produced by the same underlying channels exhibiting distinct behaviors. Except for a progressive increase of the simulated current as a function of exposure time to NFA with 1 mM (Fig. 9A-b) which diverged from the measured current which declined after NFA exposure times longer than 6 s, the model adequately describes the steep concentrationdependence of the stimulation between 1 µM and 1 mM; simulated data points generally fell within one standard deviation for each average measurement. Modeling this abrupt relationship could only be achieved by raising the Hill coefficient to 2 in the equation describing the rate constant α 2 ( Fig. 7G ; Table 1 ) of the high affinity binding site, which suggests that two or more NFA molecules may be necessary to induce stimulation. Figure 9B shows plots illustrating the time-dependent behavior of simulated versus measured I Cl(Ca) . Measurements were carried out at washout times that elicited peak stimulated currents for each of the three NFA concentrations which were applied for 2 s. These graphs show reasonable agreement between the data and model with all three NFA concentrations, except for a discrepancy observed at the earliest washout time with 100 µM.
This article has not been copyedited and formatted. The final version may differ from this version. ] i may tilt the balance towards the stimulatory effect.
Our data support this hypothesis as the rapid block exerted by NFA was often followed by a This article has not been copyedited and formatted. The final version may differ from this version. partial recovery of the current, which suggests that the net current recorded with NFA was the product of a superimposed inhibition and stimulation by the drug.
NFA at concentrations between 10 µM to 1 mM produced an ≈ 2-fold increase in I Cl (Ca) elicited by 500 nM [Ca 2+ ] i . Whilst the relative increase of I Cl(Ca) was independent of NFA concentration, the time to reach the peak current increased in a concentration-dependent manner.
Furthermore, the time needed to recover from the enhanced state increased in a concentrationdependent manner. These data reflect an anomalous modulation of a Ca 2+ -activated Cl -channels by NFA as the NFA-increased current reversed near the predicted E Cl confirming that the underlying channels were permeable to Cl -. Moreover, the current enhanced by NFA was equally blocked by a second exposure to this compound. These findings corroborate the earlier observations of Piper et al (2002) showing that the current generated by the removal of NFA was not due to the de novo activation of another conductance.
Voltage-dependence of NFA-enhanced anion current. The relative magnitude of NFAenhanced I Cl(Ca) was independent of membrane potential in the range of -60 to +90 mV.
However, the rate of current recovery following NFA washout was clearly voltage-dependent, with membrane depolarization delaying the return of the current to baseline. One possibility to explain these results is that the dissociation of NFA is voltage-dependent, with membrane depolarization reducing the rate of unbinding from its binding site(s). An interaction of this drug with the hydrophilic channel pore or extracellular vestibular portion has been postulated (Greenwood and Large, 1995; Hogg et al., 1994a by BAPTA. Arguments against this hypothesis are: 1) our inability to ever detect STICs in our experiments, 2) the time course of stimulation of I Cl(Ca) by NFA was highly voltage-dependent (Fig. 5) , and 3) NFA was recently shown to enhance rather than inhibit Ca 2+ release in rat pulmonary myocytes (Cruickshank et al., 2003) .
Although the hypothesis of a single binding site is possible, we rather favor the hypothesis that NFA is interacting with more than one binding site, each with different affinities. We carried out mathematical simulations that might account for our observations. Only the working model The onset of stimulation is now clearly biphasic with a rapid and a slow phase, both of which are well described by the model. The enhanced contribution of a slower phase with a correspondingly reduced rapid component is also consistent with the existence of two mutually exclusive binding sites.
Although useful as an initial working hypothesis to describe the complex interaction of NFA with native Cl Ca channels, the model offers no clues on the molecular mechanisms that are involved in the NFA-induced alterations in channel activity. So far, two kinetic models have been postulated to describe the Ca 2+ -and voltage-dependence of Ca 2+ -activated Cl -channels in parotid acinar cells (Arreola et al., 1996) and Xenopus oocytes (Callamaras and Parker, 2000;  This article has not been copyedited and formatted. The final version may differ from this version. Kuruma and Hartzell, 2000) . These two models are divergent in that one assumes that activation of Cl Ca channels by voltage-dependent binding of several Ca 2+ ions (Arreola et al., 1996; Callamaras and Parker, 2000) whereas the other postulates that Ca 2+ binding is voltageindependent while unbinding involves a voltage-dependent step (Kuruma and Hartzell, 2000) .
Unfortunately such a detailed description of the behavior of Cl Ca channels in vascular smooth muscle is still awaiting and is complicated by the very small unitary conductance of the channels (~ 1-3 pS) (Large and Wang, 1996; Klöckner, 1993; van Renterghem and Lazdunski, 1993; Hirakawa et al., 1999; Piper and Large, 2003) increase in the open probability. Consistent with this hypothesis was the observation that activation and deactivation kinetics of I Cl(Ca) were respectively enhanced and reduced following washout of NFA and this is similar to the effects of an elevation of intracellular Ca 2+ to near saturation levels on I Cl(Ca) in other cell types (Arreola et al., 1996; Kuruma and Hartzell, 2000) .
Pharmacological relevance of our findings. Determination of the role of Cl Ca channels in vascular smooth muscle has been hampered by the lack of truly specific pharmacological probes.
Our data provide evidence that niflumic acid, the most potent inhibitor of these channels in vascular myocytes (Large and Wang, 1996) , also induces a complex stimulation of the channels in rabbit coronary smooth muscle cells, an effect which is masked by its faster inhibitory action, but can be revealed upon rapid washout of the drug. Our work highlights the caveats about the This article has not been copyedited and formatted. The final version may differ from this version. et al., 1994a; Greenwood and Large, 1995) . Our experimental and simulated data support the notion that the reduced efficacy of NFA as an inhibitor may be due to partial stimulation of the channels in the presence of the drug. A. Plot reporting the mean relative increase of I Cl(Ca) in coronary myocytes induced by washout of NFA (1 µM, 10 µM, 100 µM and 1 mM, n= 11, 7, 7 and 7, respectively) calculated as the peak current amplitude at +60 mV following removal of NFA normalized to the current value prior to the application of NFA (for 2 to 10 s) as described in Figure 2 . ANOVA statistical analysis for repeated measure revealed a significant difference between the groups with a ** p < 0.01. B. Graph illustrating the time delay between the washout of drug and the peak amplitude of enhanced I Cl(Ca) after washout of NFA (10, 100 µM and 1 mM, n=7) applied for 2 to 10 s. Inset.
Magnified view of sample traces of cells exposed to 10 µM, 100 µM and 1 mM NFA for 2 s to illustrate the concentration-dependent time to peak amplitude of enhanced I Cl(Ca) . ANOVA statistical analysis for repeated measures revealed a significant difference between the groups with ** p < 0.001. C. Bar graph showing the mean decay kinetics of enhanced I Cl(Ca) in cells exposed to 10 µM, 100 µM and 1 mM NFA for 2 s. The time-dependent relaxation was calculated as the period required for peak enhanced I Cl(Ca) to decline by 50% . One-way ANOVA statistical analysis revealed a significant difference between the 3 groups with *** p < 0.001. exposed to 100 µM NFA for 2 s up to 10 s with 2 s increments followed by the rapid removal of drug from the external medium using a fast flow superfusion system as depicted over the traces.
B and C. Similar to A except that the cells were depolarized to +20 mV and +90 mV for 22 s (B and C, respectively) as illustrated under the traces. A. Bar graph reporting the mean relative increase in I Cl(Ca) induced after washout of 100 µM NFA applied for 10 s in myocytes held at -60 (filled column), +20 (hollow column), +60 (crosshatched column) and +90 mV (light grey column)(n=5, 5, 7 and 5 respectively) and calculated as the peak current amplitude following removal of NFA normalized to the current value just prior to exposure to drug as described in Figure 4 . B. Bar graph summarizing the mean delay in milliseconds between the removal of drug and the peak amplitude of enhanced I Cl(Ca) after washout of 100 µM NFA applied for 10 s in myocytes held at -60 (filled column), +20 (hollow column), +60 (cross-hatched column) and +90 mV (light grey column)(n = 5, 5, 7 and 5 respectively). C. Bar graph reporting the mean integrated current stimulated by NFA washout measured at -60 (filled column), +20 (hollow column), +60 (cross-hatched column) and +90 mV (light grey column)(n = 5, 5, 7 and 5 respectively). One-way ANOVA statistical analyses revealed a significant difference between the 3 groups with *** p < 0.001.
Figure 6.
Properties of NFA-enhanced I Cl(Ca) .
A. Effect of a 2 s application of NFA on I Cl(Ca) recorded at +60 mV. 500 ms after washout of NFA, the augmented current was blocked by a repeat application of NFA to a similar degree as This article has not been copyedited and formatted. The final version may differ from this version. Recovery from low affinity and slow binding of NFA "
